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We study the mobility of objects embedded in an immersed granular packing and subjected to
cyclic loadings. In this aim, we conducted experiments using glass beads immersed in water and a
horizontal plate subjected to a cyclic uplift force. Tests performed at different cyclic force frequencies
and amplitudes evidence the development of three mobility regimes whereby the plate stays virtually
immobile, moves up steadily or slowly creeps upwards. Results show that steady plate uplift can
occur at lower force magnitudes when the frequency is increased. We propose an interpretation
of this frequency-weakening behaviour based on force relaxation experiments and on the analysis
of the mobility response of theoretical visco-elasto-plastic mechanical analogue. These results and
analysis point out inherent differences in mobility response between steady and cyclic loadings in
immersed granular materials.
I. INTRODUCTION
Objects embedded in granular materials can sustain
a non null external force without significantly moving.
When this force exceeds a threshold, they start moving
continuously through the packing. This basic property
arises from the ability of granular materials to deform
elastically or to flow like a liquid depending on the level
of shear stress they are subjected to [1].
A usual test to measure this force threshold involves
moving an initially still object at a constant, slow veloc-
ity and monitoring the external force required to drive its
motion. In dense packings, this force increases to a max-
imum F qs0 at small object displacements, while the gran-
ular packing deforms mostly elastically. It then decreases
as the granular material deforms plastically around the
object, a process necessary to enable its progression. F qs0
corresponds to the maximum drag force the granular
packing can develop to hinder the object motion. The
superscript qs stands for quasi-static, meaning that this
force is measured at an object velocity that is low enough
not to influence it [2–6]. Reciprocally, F qs0 corresponds to
the maximum external force the object can statically sus-
tain without continuously moving. Several studies have
measured and modelled this maximum drag force in dry
granular materials. The consensus is that it follows a
frictional law: F qs0 is proportional to the average packing
pressure at the object depth, and to its surface area pro-
jected in the direction of motion [6–14]. Other influential
factors include the strength of the packing characterised
by an internal friction angle [15], the shape of the object
[16–18] and the grain size [19–21].
The presence of interstitial water significantly affects
this force threshold. This was evidenced in experiments
involving dragging a rod horizontally [22] or uplifting a
plate in immersed glass beads [23]. Firstly, buoyancy
reduces the effective pressure in the granular packing
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[24, 25], which in turns reduces F qs0 . Secondly, the max-
imum drag force F0 acting on the object become rate
dependent, and increases linearly with its velocity as:
F0 ≈ F qs0 +mv (1)
In Ref. [23], we proposed that this rate-dependence re-
sults from a Darcy-flow mechanism, whereby water flows
through the virtually still granular packing. This yielded
a scaling law for the viscous coefficient m in terms of the
object size B, packing permeability K, and fluid viscosity
η: m ∝ ηB3/K, with the permeability being controlled
by the packing solid fraction ν and grain size d according
to the Kozeni-Carman model [26, 27]: K ∝ d2(1−ν)3/ν2.
However, the drag force component mv is not static: it
gradually relaxes to zero if the plate is stopped, following
a dynamics similar to a Maxwell visco-elastic relaxation.
The time scale λ of this relaxation was associated with
the viscous coefficient m and an effective stiffness param-
eter k as λ ≈ m/k.
The mobility response of the object subjected to cyclic
loading is comparatively less understood. Such loadings
are characterised by a force amplitude Fmax and a fre-
quency f . The basic expectation is that the object would
not move if Fmax < F
qs
0 and would move otherwise. How-
ever, simulations of cyclic uplift in dry grains showed that
the loading frequency influences the onset of motion [28].
At high frequencies, the plate was found to sustain force
amplitudes higher than F qs0 without moving. The pro-
posed interpretation for this frequency-strengthening is
that the granular packing needs a force greater than F qs0
to plastically deform, but also requires that force to be
sustained for a long enough period of time to allow for
elementary inertial motion of grains.
The presence of water may induce different internal
dynamics. For instance, shaking an immersed granular
material is known to lead to the phenomenon of liquefac-
tion, whereby grains become suspended, and the packing
strength vanishes [29–31]. However, whether and how
cyclic loadings affect the object mobility in immersed
granular packing remains to be established.
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FIG. 1. Cyclic uplift tests. (a) Illustration of the experimental
set-up showing the initial location of the plate. (b) Time
evolution of the cyclic uplift force F (t) applied to the plate
via the shaft, which is characterised by an amplitude Fmax
and a frequency f as per Eq. (2).
The purpose of this Paper is to address this gap. In
this aim, we conducted experimental results showing the
mobility response of a horizontal plate embedded into
immersed grains, and subjected to a cyclic upward force.
Tests involve prescribing different loading magnitude and
frequency, and monitoring the resulting vertical motion
of the plate. These results are then used as a basis for
analysing the plate dynamics, which is made by com-
paring it to the cyclic loading response of a visco-elasto-
plastic mechanical analogue. The Paper is structured as
follows. The experimental method is presented in Section
II, the measured mobility response in Section III and the
analysis of its underlying dynamics in Section IV.
II. EXPERIMENTAL CYCLIC UPLIFT TESTS
A. Materials and set-up
We conducted the cyclic uplift tests using the exper-
imental setup presented in Figure 1a. This setup was
previously used in Refs [23, 32] to measure drag forces
in dry or immersed granular materials. It comprises a
container filled with glass beads, in which a circular disk-
shaped plate is embedded at designated depth H. The
plate has a circular cross-section of diameter B = 40 mm
and is 4 mm thick. The container diameter is 170 mm,
which is about four times larger than the plate diame-
ter. The mean grain diameter of the glass beads used
in the experiments is d= 300 µm, with a polydispersity
of ±10%. Grains are fully immersed in water. All tests
are performed with an initial plate depth of H = 120 mm
corresponding to an embedment ratio HB = 3. The plate
is placed at an equal distance from the vertical edge of
the container.
The plate is driven by a loading frame comprised of a
stainless steel shaft connecting the plate to a load cell,
which is itself fixed to a ball-screw linear stage powered
by a DC servo-motor. The system enables us to either
control the plate displacement and monitor the force or
vice-versa. Data logging is made at a frequency of 100 Hz.
In Refs. [23], we presented a detailed study of this
setup which led to the following conclusions. Firstly, the
elastic stiffness of the shaft and load cell leads to neg-
ligible deformations within the force range we consider
(typically less than 50 N). Secondly, the maximum drag
force F0 of the shaft alone, measured by performing an
uplift test without a plate, is of the order of 1 N, with is
an order of magnitude lower than the resistance measured
with the plate. Thirdly, the mode of preparation which
involves pouring the mixture of grains and water below
the plate, placing the pate and then pouring the mixture
of grain and water above the plate is repeatable: repeat-
ing uplift tests led to consistent values of maximum drag
force F0 with variations of the order of ±10%. Lastly,
finite-size effects of the container do not affect these re-
sults, unless the plate is deliberately placed off-centred at
a distance shorter than 20 mm from the container edge.
B. Uplift cyclic loading tests
The cyclic uplift tests involve periodically applying a
vertical force on the plate via the shaft. The loading
frame controls this force F (t) at any point in time and
monitors the plate vertical displacement P (t). We chose
a sinusoidal shape for the force cycles (see Figure 1b):
F (t) =
Fmax
2
(
1 + sin
(
2pift− pi
2
))
. (2)
Accordingly, the applied force varies from 0 at the be-
ginning of the test t = 0 to a maximum of Fmax. The
force is always directed upward, and the plate is never
pushed back downward during a cycle. The cyclic force
is characterised by two parameters: its magnitude Fmax,
which is the maximum force applied to the plate during a
cycle, and the cycle frequency f . Accordingly, the rate at
which the force varies is F˙ (t) = 2pifFmax cos
(
2pift− pi2
)
,
which reaches a maximum of:
F˙max = 2pifFmax (3)
III. MEASURING MOBILITY REGIMES
We conducted a series of cyclic tests at different force
magnitudes and frequencies. Fmax was varied from 4 N
to 10 N and f from 0.02 s−1 to 0.86 s−1. Tests were
stopped after 120 cycles.The reasons for exploring these
ranges will become apparent in the next section. This
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FIG. 2. Evolution of the plate displacement P and mean square displacement ∆ measured at different loading magnitudes and
frequencies. Fmax = 4 N (a, b), 6 N (c, d) and 8 N (e, f). The frequencies f are given in the legends in (a), (c), and (e). On
(b,d,f), the black lines show the power law fits of the mean square displacement according to (6) considering a number of cycle
τf greater than 50 cycles (see text). Values of the resulting power α are shown on figure 3.
section focuses on empirically evidencing different mobil-
ity regimes.
The basic quantity characterising the mobility of the
plate a during the cyclic uplift test is its vertical displace-
ment P defined as:
P (t) = y(t)− y(t = 0) (4)
where y(t) is the vertical position of the plate at time t.
Figure 2 shows some examples of such measured trajec-
tories, by plotting the measured plate displacement as a
function of the number of cycles n; the relation between
n and t is n = ft. It appears that the plate trajec-
tory strongly depends on the loading magnitude and fre-
quency. Higher frequencies and higher magnitudes seem
to lead to larger displacements for a given number of cy-
cles. Measured displacements after 120 cycles range over
two orders of magnitude: from 30 µm —which is only a
tenth of a grain diameter— to 7 mm. Importantly, the
evolution of the displacement appears to be qualitatively
different between tests, as it exhibits different degrees of
non-linearity. Consequently, a quantity such as P (n)/n
where n the number of cycles would not be relevant to
characterise the degree of mobility as it would be depen-
dent on the chosen number of cycle n.
To quantify the degree of mobility for each tests, we
therefore followed the approach introduced in Ref. [28].
It is based on a metric derived form the average mean
square displacement ∆ of the plate, which is defined as:
∆(τ) =
1
N
N∑
n=1
|y(τ + tn)− y(tn)|2 . (5)
y(tn) denotes the position of the plate at a reference time
tn, y(τ + tn) represents the position of the plate after
a time increment τ and N denote the total number of
reference time tn, which were taken at random during
the first half of the tests.
Figure 2 shows the evolution of the mean square dis-
placement measured from tests conducted with different
magnitudes and frequencies. Like with dry granular ma-
terials [28], ∆ exhibits two phases: it first oscillates at
short values of τ corresponding to a few cycles. At larger
values of τ , it increases at various rates. In a first approx-
imation, this increase is consistent with a power-law:
∆(τ) ∝ τα (6)
In the context of random walk and diffusion, the interpre-
tation of such power law is the following [33–36]. A power
α = 1 corresponds to normal diffusive behaviour and a
random walk trajectory. A power α > 1 corresponds to a
super-diffusive behaviour: α = 2 corresponds to a plate
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FIG. 3. Degree of mobility α measured for all tests including
different loading frequencies f and magnitudes Fmax. α is
calculated by fitting the plate mean square displacement ∆
by (6) considering τf greater than 50 cycles.
moving at a constant velocity, while α > 2 means that
the plate is accelerated. α < 1 corresponds to a sub-
diffusive behaviour. In Ref. [28], three mobility regimes
were defined according to the value of α:
1. A regime of confinement for α < 1. In this regime,
the plate does not significantly move after each cy-
cle.
2. A regime of creep for 1 6 α 6 2. In this regime, the
plate incrementally moves up by small (random)
steps after each cycle.
3. A failure regime for α > 2. In this regime, the
plate consistently moves up through the packing
after each cycle.
Figure 3 reports the values of the power α calculated
for all tests by fitting the measured mean square dis-
placement ∆(τ) with Eq. (6). To exclude the initial
oscillating part of the mean square displacement, the fits
consider values of τf greater than 50 cycles. It appears
that the power α significantly varies with both the load-
ing magnitude and frequency. Expectedly, larger force
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FIG. 4. Drag forces in steady uplift tests performed at con-
stant velocities. (Main) Evolution of drag force F with the
plate displacement P for three tests performed at different
velocities. (inset) Maximum drag force F0 = max (F (P ))
measured in tests performed at different velocities; the line
represent the best fit of F0(v) by the linear function (1), which
is obtained for F qs0 = 8.3 N and m = 4500 N/(m/s).
magnitudes lead to a higher degree of mobility. Unex-
pectedly, results evidence that higher frequencies yield
to a higher degree of mobility. We refer this effect as
frequency-weakening. It contrasts with the opposite ef-
fect of frequency strengthening reported with dry grains
[28].
IV. PHYSICAL MECHANISMS
This section discusses some physical mechanisms that
can possibly control the observed mobility response to
cyclic loading, including frequency-weakening. The dis-
cussion first focuses on two elementary experimental tests
aiming at measuring the quasi-static maximum drag force
F qs0 and the dynamic drag force relaxation. It is then
guided by the analysis of the response of a visco-elasto-
plastic analogue subjected to such loadings.
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FIG. 5. Mobility regime map. Symbols correspond to individual tests performed with a value of loading frequency and
magnitude corresponding to a value of the dimensionless numbers R and F , respectively. Symbols are coloured according to
the value of the degree of mobility quantified by the power α. Squares () correspond to experimental data. Stars (F) and
triangles (N) correspond to results obtained using the visco-elasto-plastic analogue (see figure 7); stars are obtained using the
same parameter as the experimental data while triangles are obtained using a quasi-static maximum drag F qs0 twice as big and
a relaxation time λ twice as low (see text). The red dashed line is the theoretical limit Rc(F) for failure regime (highlighted
in red) according to the proposed model in Eq. (12).
A. Quasi-static maximum drag force F qs0
We first seek to compare the magnitude of the cyclic
loading to the drag forces developing in steady loading.
In this aim, we repeated uplift tests similar to those pre-
sented in Ref. [23], which involves driving up the plate at
a constant velocity v. Figure 4 shows that the drag force
F (P ) increases to a maximum F0, and then decreases.
Measurement of F0(v) evidences a linear increase such
as (1). With the plate size, grain size and plate depth
considered here, the best linear fit of the measured F0 is
obtained for F qs0 = 8.3 and m = 4500 N/(m/s).
These results imply that applying an external force
lower than F qs0 should not be sufficient to sustain the
plate motion. Conversely, applying a force larger than
F qs0 should lead to the plate moving continuously upward.
Extrapolating this expectation to the case of cyclic load-
ing predicts that the plate should reach a failure regime if
and only if the applied force exceeds F qs0 at some point in
a cycle, which translates into Fmax > F
qs
0 . To test this,
Figure 5 shows a map of the measured mobility regime
as a function of the dimensionless number:
R = Fmax
F qs0
(7)
and a dimensionless number F proportional to the load-
ing frequency, which will be defined below. Figure 4
confirms that a failure response is consistently observed
when R > 1. Failure response is indeed observed for
all tests performed with (R > 1). However, failure re-
sponses also occur at lower magnitudes (R < 1) when
the frequency is increased. This suggests that the crite-
ria delineating the failure response would not only involve
R but also the frequency f .
B. Drag relaxation time λ
We now seek to identify a characteristic time scale
for the drag force, which could be used as a comparison
point for the loading frequency. The presence of water
is known to lead to a visco-elastic dynamics when gran-
ular materials are subjected to a step increase in stress
[37–40]. To translate this behaviour in the context of
object mobility, we performed drag force relaxation tests
whereby the plate is uplifted at a constant velocity v
until the maximum force F0(v) is reached, and is subse-
quently stopped. Figure 6 shows that the drag force F (t)
typically relaxes exponentially in time toward a non-null
value F∞ = F (t→∞) after the plate is stoped, accord-
ing to:
F (t > t0)− F (t = t0)
F∞ − F (t = t0) = 1− e
− tλ (8)
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FIG. 6. Drag force relaxation experiments. (a-c) Example of four tests performed at different initial velocities v (see legend
in (c)). (a) Controlled plate displacement P (t): the plate is moved at a constant velocity v and stopped shortly after the
maximum drag force is reached, at t = t0. (b) Corresponding drag force F (t), showing the relaxation at t > t0. (c) Force
relaxation ∆F (t − t0) = F (t) − F (t = t0) and exponential decay fits using (8) with the time scale λ as a free parameter. (d)
Fitted value of the relaxation time scale λ as a function of the plate’s initial velocity.
t0 is the time at which the plate is stopped, and λ is
a characteristic time scale of the force decay. Figure 6
reports the values of λ obtained by fitting measured force
relaxation F (t > t0) with (8). Fits are performed with λ
as a sole free parameter while the values of F (t = t0) and
F∞ are determined from the experimental data; F∞ is
approximated by the last value of force reading available
at the end of a test. It appears that the relaxation time
is of the order of λ ≈ 1.1 s, and has a weak dependency
on the initial velocity v. This relaxation time enables
us to form a dimensionless number for characterising the
loading frequency:
F = fλ (9)
F compares the drag relaxation time to the period of a
force cycle. Accordingly, F . 1 corresponds to a regime
where the drag force has enough time to relax within a
cycle. Conversely, F & 1 corresponds to a regime where
the drag force does not have enough time to relax between
cycles.
C. Visco-elasto-plastic analogue
In Ref. [23], we found that both the linear increase in
drag force with velocity (1) and its relaxation dynamics
(8) could be captured by the mechanical analogue pre-
sented on figure 7a. This visco-elasto-plastic analogue
defines a dynamic for the position of the point P as a
function of the applied force F . It considers that this
force is split between two elements that experience the
same deformation: an elasto-plastic element comprised of
a spring (spring constant k1) and a slider (force thresh-
old Fs), and a Maxwell visco-elastic element comprised
of a spring (spring constant k2) and a viscous dashpot
(viscous constant ξ).
To capture both (1) and (8), the slider threshold needs
to equates F qs0 , the viscous damper needs to equate the
coefficient m, ξ = m and the spring constant k2 must be
k2 = ξλ. The elasto-plastic element is thought to repre-
sent the force transmitted from the plate to the granular
matrix and the elasto-plastic deformations they induce.
The visco-elastic element is thought to account for the
force transmitted via the fluid, which governs some pore
pressure gradient and induces a Darcy flow. k2 is may be
seen as an effective stiffness corresponding to the elastic
deformation of the packing induced by the Darcy flow.
However, driven by a cyclic force such as (2), this ana-
710-2 10-1 100 101 102
10-10
10-9
10-8
10-7
10-6
10-5
10-4
0 20 40 60 80 100 120
0
1
2
3 10
-3
10-2 10-1 100 101 102
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
0 20 40 60 80 100 120
0
1
2
3
4 10
-3
10-2 10-1 100 101 102
10-11
10-10
10-9
10-8
10-7
10-6
10-5
0 20 40 60 80 100 120
0
2
4
6 10
-4
10-2 10-1 100 101 102
10-14
10-12
10-10
10-8
10-6
0 20 40 60 80 100 120
5
10
15 10
-6
F
0.3 1.2
1
0.
5
Number of cycles
Number of cycles Number of cycles
Number of cycles
(a)
(b) (c)
(d) (e)
FIG. 7. Visco-elasto-plastic analogue. (a) Network diagram showing a visco-elastic and a viscoplastic element in parallel.
The force F applied at point P is shared between these two elements: F = F ep + F ve. (b-e) Displacements and mean square
displacements simulated by applying a cyclic loading (2) to the analogue in (a) and using a frequency dependent slider threshold
Fs (see text); the four panels correspond to different values of loading amplitude R and frequency and F as shown on the
figure. (b,c,e) lead to a failure regime. The associated degree of mobility α are shown in figure 5.
logue predicts a regime of failure only if the slider slides.
This means that the applied force F (t) must be at least
greater than Fs at some point in the cycle. This would
translate into a frequency-independent failure criterion
R > 1. Accordingly, this analogue cannot readily cap-
ture the observed frequency-weakening.
D. Frequency weakening
We now seek to enrich the visco-elasto-plastic ana-
logue to capture the observed frequency-weakening. The
reasoning stems from the experimental relaxation tests,
which show that the drag force relaxes to a value that
can be lower than than the quasi-static maximum drag:
F∞ < F
qs
0 . Figure 8 shows that the value of F∞ de-
creases with the average rate of increase of the drag force
< F˙ >= F0tmax , where tmax is the period of time during
which the force rises from 0 to F0. In a first approxima-
tion, we propose to model this dependency by a linear
function:
F∞ ≈ F qs0 − a < F˙ > (10)
where the coefficient a has a dimension of time. With our
experimental conditions, we found that a ≈ 0.09s. This
may be seen as a process of rate-induced weakening of the
drag force: the faster it increases, the lower it eventually
relaxes too.
Drawing this behaviour into the context of cyclic load-
ing, we assume that the effective slider threshold is re-
duced due to the increase in applied force, and that it
is given by F∞ as defined in (10). We further assume
that the value of < F˙ > is proportional to the maximum
rate of force increase during a cycle: < F˙ >= β2pifFmax
where β is a numerical constant. This leads to a fre-
quency dependent slider threshold given by:
Fs(f) = F
qs
0 − aβ2pifFmax (11)
Considering that a failure regime can develop provided
that the force during a cycle exceeds Fs(f) defines an
critical force amplitude F cmax = F
qs
0 − aβ2pifF cmax. This
failure criteria can be expressed in terms of a critical
dimensionless number Rc = F cmax/F qs0 as:
Rc(F) = 1
1 + aλβ2piF
(12)
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FIG. 8. Rate weakening of the drag force measured in re-
laxation tests: ultimate drag force F∞ as a function of the
initial rate of force increase F0/tmax (see figure 6b). Symbols
correspond to experimental data and the dashed line is the
linear fit (10).
Accordingly, cyclic loadings which magnitude amplitude
and frequency lead to R > Rc(F) can develop a failure
response. Figure 4 shows that this criterion qualitatively
captures the frequency-weakening measured experimen-
tally using a constant β = 1.6.
To assess the ability of the visco-elasto-plastic analogue
to capture the frequency-weakening effect on the mobil-
ity regime, we simulated its response to cyclic loadings
at different frequencies and amplitudes. The simulation
involves integrating the displacement P (t) using a first
order forward difference scheme of the following set of
equations:
P˙ =
F˙ ve
k2
+
F ve
ξ
(13)
F ve = F (t)− F ep (14)
F˙ ep =
{
k1P˙ if F
ep < Fs
0 otherwise
(15)
P (t = 0) = 0; (16)
F ep(t = 0) = F ve(t = 0) = 0 (17)
The simulations use as an input an external force F (t)
given by (2) and a frequency-dependent slider threshold
given by (11).
A first set of simulation was conducted using parame-
ters measured experimentally: F qs0 = 8.3 N and ξ = m =
4500 N/(m/s). The stiffness k2 is defined as k2 = ξ/λ to
match the experimental relaxation time λ, which is con-
sidered to be constant and equal to 1.1 s. The stiffness
k1 is the only parameter that is not defined by experi-
mental data. It is chosen to be proportional k1 = 0.5k2
in these simulations. We checked that its value did not
significantly affect the analogue dynamics.
Figure 7 shows that the simulated trajectories and
mean square displacement are quantitatively similar to
the experimental results. MSD features an oscillating
part at short time scale, and a power-law increases at
long time scales. We measured the corresponding degree
of mobility α by fitting the numerical results by (6). Fig-
ure 5 shows that a failure regime then develops according
to the frequency-dependent criteria (12).
In order to assess the scaling with the dimension-
less number R and F , we performed a second set of
simulations using different quasi-static maximum drag
and viscous parameter: F qs0 = 16.6 N and ξ = m =
4500 N/(m/s), with the same spring constants. Higher
values of F qs0 would correspond to a larger or deeper
plate, while a larger value of m would correspond to a
larger plate or a plate in smaller grains [23]. This yields
a relaxation time λ 2.2 s. Figure 5 shows the degree of
mobility obtained with these parameters. They evidence
that the failure regime is captured in terms of the dimen-
sionless number R and F according to (12) even with
different values of F qs0 and λ.
V. CONCLUSION
This study points out some important features char-
acterising the mobility in immersed granular material in
water upon cyclic loading.
Taking the example of a plate subjected to a cyclic
uplift force, we found that the plate mobility response is
strongly dependent not only on the loading magnitude
but also on its frequency. We observed three mobility
regimes called confined, creep and failure, whereby the
plate does not move significantly, slowly creeps up or
consistently moves up after each cycle. Similar mobility
regimes have previously been observed in dry granular
materials [28]. However, we find here that the presence
of water strongly affects their conditions of occurrence.
With water, we highlighted a process of frequency-
weakening that contrasts with the frequency-
strengthening observed with dry grains: the failure
regime can occur at low loading magnitudes when the
frequency is high. Remarkably, the plate can thus be
pulled out even if the force never exceeds the quasi-static
maximum drag F qs0 , which defines the onset of failure
under steady loadings. We propose to understand
9this by considering that the strength of the packing is
weakened during cyclic loadings, and that the extent of
this weakening increases as the frequency is increased.
This mechanism is supported by experimental relaxation
tests showing decay in residual drag force as its initial
rate of growth is increased. This observation is captured
by the phenomenological law (10). Translating this effect
into the context of cyclic loading led us to establish a
frequency-dependent criterion for the onset of a failure
regime in Eq. (12), which captures the experimental
observations.
We further found that a visco-elasto-plastic analogue
could qualitatively reproduce these mobility responses,
provided that its sliding criterion is dependent on both
the loading magnitude and frequency according to (11).
This broadens the range of validity of this analogue,
which was previously shown to capture both the mea-
sured maximum drag force F0 and its relaxation dynam-
ics, as per Eqs. (1) and (8).
These results provide a basis to rationalise the mobility
response upon cyclic loading considering objects of differ-
ing size and shape, buried at different depth in granular
materials of different size. According to our findings, a
frequency dependent failure criteria similar to (10) should
be expected, taking into account the specific quasi-static
maximum drag force F qs0 and its relaxation time λ. For
instance, larger or deeper objects would have a larger
F qs0 , and finer granular materials would lead to longer
relaxation time. Similarly, one could expect a frequency
weakening to occur when the loading is applied laterally
or downward.
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